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5. STRUCTURAL RESPONSE

5.1 Finite Element Calculations for Impacts onto Rigid Targets
5.1.1 Introduction

To deter mine the respo nse of the gener ic casks , finit e eleme nt calcu lations for impac ts onto rigid 
targe ts were condu cted.  For all of the analy ses in this repor t, the Sandi a-develope d non-l inear
trans ient dynam ics finit e eleme nt progr am PRONT O-3D [5-1,  5-2, 5-3] was used to deter mine
the damag e resul ting from each impac t.  PRONT O is a shock -wave propa gation code,  espec ially
devel oped for impac t probl em types .  It uses a time march ing expli cit integ ration of the equat ion
of motio n to deter mine the respo nse of the struc ture.  Input s to the code are geome try (incl uding
bound ary condi tions), mater ial prope rties, and initi al veloc ities.  This type of code updat es the
posit ion of each node at each time step,  which  allow s for both mater ial and geome tric non-
linea rities.  One resul t of this appro ach is that strai ns repor ted are true strai ns, rathe r than
engin eering strai ns that are based  upon the undeforme d geome try.  PRONT O has been
exten sively bench marked for analyses of cask respo nse [5-4,  5-5].   For each gener ic cask, 
calcu lations were perfo rmed for impac ts in end-o n, CG-ov er-corner,  and side- on orien tations.
The respo nse of the casks  at other  orien tations is sufficie ntly simil ar to (or bound ed by) these 
resul ts to be envel oped by them.   For impac t angle s betwe en end-o n and 5 degre es from verti cal,
the end-o n analy sis resul ts will be used.   For impacts  betwe en 5 degre es from verti cal to 70
degre es from verti cal the CG-ov er-corn er analy sis resul ts will be used.   For impac ts betwe en 70
degre es from verti cal to horiz ontal, the side- on analy sis resul ts will be used.   All impac ts are
assum ed to be onto a flat,  rigid  surfa ce with the initi al veloc ity perpe ndicular to the surfa ce.
While  it is possi ble for a cask to impac t a surfa ce that is not flat (such  as a bridg e colum n) in a
side impac t orien tation (such  that the conta ct occur s betwe en the impac t limit ers), this type of
accid ent was not consi dered.  An impac t of this type only provi des loadi ng and, there fore,
defor mation to the cylin drical porti on of the cask away from the closu re area.   This part of the
cask is extre mely ducti le, and can withs tand defor mations great er than the cask diame ter witho ut
causi ng the cask to relea se radio active mater ial.

To short en the analy sis times  and avoid  calcu lation of the very large  shear  strai ns that occur  in
the impac t limit er, at the start  of all of the analy ses it was assum ed that the impac t limit er has
alrea dy been drive n into the lock- up regio n (the point  at which  the mater ial stops  behavin g in a
crush able manne r).  The initi al and crush ed size of the impac t limit ers for each cask are given  in
Table  5.1.  Figur e 5.1 shows  the initi al and pre-c rushed geome try of an impac t limiter.  The
amoun t of energ y absor bed by the impac t limit er prior  to lock- up is equiv alent to the kinet ic
energ y from the regul atory drop test.   Using  the pre-c rushed impac t limit er, analy ses with impac t
veloc ities of 30, 60, 90, and 120 mph are condu cted for each cask and orien tation.  If the energ y
requi red to crush  the impac t limit ers is added  to the initi al kinet ic energ y of the cask,  these 
analy sis veloc ities corre spond to actua l impac t veloc ities of 42, 67, 95, and 124 mph.  Howev er,
throughout this report the calculations will be identified as 30, 60, 90, and 120 mph impact cases.
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Table 5.1 Impact Limiter Geometry (in inches)

Cask Cask
Diameter

Engagemen
t

Length

Initial End
Thickness

Crushed End
Thickness

Initial Side
Thickness

Crushed Side
Thickness

Steel-Lead-
Steel Truck 27.5 12 12 4 12 4

Steel-DU-
Steel Truck 28 12 12 4 12 4

Steel-Lead-
Steel Rail 80 14 14 4.67 14 4.67

Monolithic
Rail 85 14 14 4.67 14 4.67

Figure 5.1  Geometry of the initial and pre-crushed impact limiter.

5.1.2 Assumptions for Finite Element Models

While  it is possi ble to creat e a finit e eleme nt mesh that accur ately model s all of the detai ls of the
gener ic cask model s, using  these  model s requi res too much compu tation time for the many cases 
consi dered in this work.   For this reaso n, simpl ifying assum ptions were made.   All of the
impac ts consi dered have a plane  of symme try throu gh the long axis of the cask,  so it is only
neces sary to model  one-h alf of the struc ture.  Figur e 5.2 shows  the finit e eleme nt model  used for
the lead shiel ded rail cask,  typic al of the model s used for all of these  analy ses.
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Figure 5.2  Finite element model of the steel-lead-steel rail cask in the
CG-over-corner drop orientation.

For all of the sandw ich-wall casks  the inner  and outer  steel  layer s were model ed with zero- 
thick ness shell  eleme nts.  This type of eleme nt accur ately captu res the bendi ng behav ior and axial
force s in the shell , but does not incor porate stres ses in the direc tion perpe ndicular to the shell 
surfa ce.  Where  this fact has the great est influ ence is in the conta ct betwe en the vario us layer s.
If the geome try of the conte nts and shiel ding layer  are model ed corre ctly, it is impos sible for a
zero- thickness shell  eleme nt to be conta cting both the conte nts and the shiel ding.  In these  finit e
eleme nt model s the shell  eleme nts are locat ed at the mid-t hickness of the wall layer  they
represent.   This leave s a gap betwe en the conte nts and the shell  and betwe en the gamma 
shiel ding and the shell . The gap betwe en the conte nts and the shell  is typic al of spent  fuel casks ,
but the gap betwe en the gamma  shiel ding and the shell s resul ts in havin g the gamma  shiel ding
(and the shell s) unsup ported for motio n in the direc tion trans verse to the shell s.  This resul ts in
large r defle ctions and strai ns in the sandw ich wall for the model  than would  occur  in reali ty.  For
casks  with lead gamma  shiel ding the lack of later al suppo rt resul ts in a signi ficant over- 
predi ction of the amoun t of lead slump .  Figur e 5.3 shows  a detai led view of the end of the steel -
lead- steel rail cask. 
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Figure 5.3  Detail of the end of the steel-lead-steel rail cask finite element model.

The behav ior of the neutr on shiel ding and its liner  has littl e effec t on defor mations to the
remai nder of the cask,  but any effec t is benef icial.  For this reaso n, these  compo nents are not
model ed, but rathe r their  mass is lumpe d with the mass of the conte nts to achie ve the corre ct
packa ge weigh t.  The conte nts and baske t are treat ed as a homogeno us crush able mater ial.  The
crush  stren gth of this mater ial is chose n from the buckl ing stren gth of PWR fuel pins subje cted
to axial  loads .  The densi ty of this mater ial is adjus ted so that the total  weigh t of the cask is equal 
to the speci fied weigh t from Chapt er 4.  Model ing of the baske t and conte nts in this manne r does
not allow  direc t determinat ion of the behav ior of the fuel rods,  but provi des an asses sment of the
loads  that these  componen ts trans mit into the struc tural porti ons of the cask.   Because the only
purpo se of the conte nts withi n the model  is to provi de loadi ng onto the cask,  varia tions in their 
mater ial prope rties has littl e effec t on the analy sis resul ts.  A descr iption of how fuel behav ior is
deter mined from the finit e eleme nt resul ts is given  in Secti on 5.4.

As indic ated earli er, the crush ing behav ior of the impac t limit ers is not model ed.  They are pre-
crush ed at the beginning of the analy sis.  To accou nt for the post- crush behav ior of the impac t
limit ers they are treat ed as a solid  with a densi ty equiv alent to a typic al densi ty for fully  crush ed
alumi num honeycom b.  The yield  stren gth of this crush ed mater ial is typic al for fully  crush ed
1000- psi aluminum honey comb.  The finit e eleme nt model  assum es that the entir e impac t limit er
has been fully  crush ed, so the geome try in the model  remai ns axi-s ymmetric.  No attem pt is
made to model  the attac hments of the impac t limit ers; they are held in place  only by inert ia.  If the
inert ial force s are not suffi cient to keep the impac t limit er in place durin g the impac t event , then
the cask body will impac t direc tly onto the rigid  surfa ce.  Real casks  have impac t limit er
attac hments that are usual ly desig ned so the impac t limit ers stay attac hed durin g the regul atory
impac t tests .

For all of the analyses,  the initi al veloc ity vecto r of the cask is assum ed to be perpe ndicular to the
rigid  surfa ce.  All of the inter ior conta ct surfa ces in the model  (betw een the conte nts and the
inner shell , the gamma  shiel ding and both shell s, the lid and the cask body,  and the cask body
and the impac t limit er) are assum ed to be frict ionless.  The conta ct betwe en the cask and the rigid 
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surfa ce is also frict ionless.  For most aspec ts of the probl em this assum ption is conse rvative, as
there  is no loss of impac t energ y because of frict ional heati ng.  Inclu ding frict ion at conta ct
surfa ces tends  to cause  the vario us parts  of the model ed struc ture to behav e more like a singl e
piece  (decr eases separ ation of the parts  of the struc ture being  model ed).  Inclu ding frict ion would 
also decre ase the amoun t of impac t energ y avail able to cause  struc tural defor mation, as some of
the energ y would  be absor bed by frict ional heati ng.  Lack of frict ion and the direc tion of the
initial veloc ity guara ntee that the displ acement, veloc ity, and accelera tion vecto rs will alway s be
in a direc tion that is perpe ndicular to the rigid  surfa ce.  This will be impor tant when deriv ing the
force -deflectio n curve s for the casks  in Secti on 5.2.2 .

The closu re of the cask is expli citly model ed.  The lid is reces sed into the body of the cask and
held in place  with eithe r 12 (6 in the half- symmetric model ) 1-inc h diame ter bolts  for the truck 
casks  or 24 (12 in the half- symmetric model ) 1.75- inch diame ter bolts  for the rail casks .  The
bolt model  cross -section is square with squar e heads .  The area of the squar e bolt shank  is the
same as the area of a round  bolt.   The edges  of the heads  are rigid ly attac hed to the cask lid, and
the botto m of the shank  is rigid ly attac hed to the cask body.   Figur e 5.4 shows  the cross -section 
throu gh the cente r of a typic al bolt and an isome tric view of a singl e bolt.   All of the conta cts are
tied via coincid ent nodes .  The initi al prelo ad in the bolts  cause d by the torqu e appli ed to them
when the cask is close d is negle cted.  Negle cting this prelo ad is conse rvative becau se the prelo ad
must be overc ome by loadi ng from the conte nts befor e there  is any defor mation to the bolts .
This facto r makes  a prelo aded closu re have small er openi ngs than a closu re witho ut prelo ad.

 Model ing the bolt in this way force s all of the defor mation of the closu re to take place  in the
short  secti on that repre sents the shank  of the bolt.   Figur e 5.5 shows  how this metho d of
model ing the bolt depic ts shear  defor mations and tensi le defor mations.  In a real closu re,
movem ent betwe en the lid and the cask body will be accom modated by defor mation of the bolt
head and seat,  slidi ng in the clear ance hole,  and stret ching over a longe r lengt h of the bolt. 
These  diffe rences make the model ed bolts  stiff er than the real bolts  for tensi le defor mations,
which  leads  to an over- prediction  of bolt strai n and an under -predictio n of bolt stret ch.  Becau se
the bolts  (in the model  and in reality ) are much less stiff  than the closu re, the over- prediction  of
strai n is much more signi ficant than the under -predictio n of displ acement.  The effec t on leak
area is discu ssed in secti on 5.1.4 .

The O-rin g groov es and O-rin gs for the seals  are not inclu ded in the model , but the defor mations
in the seali ng surfa ces at the locat ions of the O-rin gs are track ed to deter mine when there  is
sufficient  openi ng to cause  perma nent failu re of the seal.   From tests  perfo rmed at Sandi a on
closu re movem ents using  0.25- inch nomin al O-rin gs, it has been deter mined that elast omeric
O-rings  can withs tand great er than 0.070  inche s of openi ng witho ut losin g their  abili ty to conta in
heliu m at one atmos phere of diffe rential press ure [5-6] .  These  O-rin gs had an initi al pre-
compr ession of about  0.075  inche s.  For the large r O-rin gs (comp ared to the Sandi a study )
typic al of spent  fuel casks , the large r amoun t of pre-c ompression  impli es there  shoul d be no
mater ial relea se for openi ngs up to 0.100  inche s.
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Figure 5.4  Typical model of a bolt used in the finite element analyses.
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Figure 5.5  Modeling of the deformation in the bolts.  The solid lines indicate the bolt
position after being deformed and the dashed lines indicate the initial bolt position.

5.1.3 Material Models

The casks  and conte nts model ed in this study  consi st of six diffe rent mater ials.  The lids,  ends, 
and struc tural porti ons of the walls  are 304L stain less steel .  The bolts  are a high- strength
stainless steel .  The impac t limit ers are crush ed alumi num honey comb.  The gamma  shiel ding is
either lead,  deple ted uranium , or stain less steel .  The baske t and spent  fuel are model ed as a
homogen ized crush able mater ial.

The stain less steel  is model ed with a power -law harde ning mater ial model .  This model  treat s the
mater ial as elast ic up to the limit  of propo rtionality  and captu res the plast icity by the equat ion:

σ σ ε ε= + 〈 − 〉p p L
nA (1)

where  σp is the stres s at the limit  of propo rtionality , A is the harde ning const ant, εp is the

equiv alent plast ic strai n, εL is the Luder ’s strai n (the flat porti on of the stres s-strain curve 

immed iately after  yield ing for low-c arbon steel s), 〈 〉  indic ates the Heavis ide funct ion where  the
expre ssion enclo sed in the brack ets is uncha nged when posit ive and equal  to zero when negat ive,
and n is the harde ning expon ent.

For 304L stain less steel  the param eters used are σp = 28 ksi, A = 192.7 46 ksi, εL = 0, and

n = 0 .74819.  For the elast ic part of the curve  E = 28,00 0 ksi and ν = 0.27 [5-7] .

The high- strength bolts  (SA-5 40 Grade  B23 Class  5 [5-8] ) are model ed with a bi-li near elast ic-

plast ic mater ial model .  The param eters used are σy = 105 ksi, E = 30,00 0 ksi, ν = 0.3, and
Ep = 30 ksi.  The crush ed alumi num honey comb impac t limit ers are model ed using  the power -

law hardening model with σp = 4250 psi, A = 32.7 ksi, εL = 0, n = 0.325722, E = 9,900 ksi and

ν = 0.33.   The lead is model ed using  the power -law harde ning model  with σp = 20 00 psi,



5-8

A = 8 00 psi, εL = 0, n = 0 .5, E = 2,000  ksi and ν = 0.27.   These  are the same mater ial
prope rties that were used in the bench marking analy ses of Ludwi gsen and Ammer man [5-4] .

The deple ted urani um is model ed with a bi-li near elast ic-plastic mater ial model  with σy = 20 ksi,

E = 28,00 0 ksi, ν = 0.3, and Ep = 150 ksi [5-9] .

The homog enized baske t and spent  fuel are model ed with a mater ial model  origi nally devel oped
for low-d ensity polyu rethane foams .  This model  is defin ed by the initi al yield stren gth of the

mater ial (σy), initi al elast ic stiff ness (E) and Poiss on’s ratio  (ν), the harde ning modul us (A), the

solid  mater ial volum e fract ion (φ), the initi al gas press ure in the mater ial (po), and the stren gth of

the solid  porti ons (poly ) [5-10 ].  For these  analy ses the value s for the mater ial prope rties are σy

= 1700 psi, A = 1700  psi, poly = 30,00 0 psi, po = 14.7 psi, φ = 0.6, E = 1000 ksi, and ν =
0.0.

A summa ry of the mater ial prope rties for all of the mater ials used in the analy ses is given  in
Table 5 .2.  All of these  mater ial model s accur ately captu re the three -dimension al state  of stres s
and strai n withi n finit e eleme nt analy ses.

Table 5.2  Material Properties Used in the Finite Element Analyses

Item
Material
Model

E
(ksi) ν

σy or
σp

(ksi)
A or Ep
(ksi) n

poly
(ksi) φ

po
(ps i)

Stainless
Steel

Power-law
hardening

28,000 0.27 28 193 0.7482

Bolts Elastic-
plastic

30,000 0.30 105 30

Impact
Limiters

Power-law
hardening

9,900 0.33 4.25 32.7 0.3257

Lead Power-law
hardening

2,000 0.27 2 0.8 0.5

Depleted
Uranium

Elastic-
plastic

28,000 0.3 20 150

Contents Crushable 1,000 0.0 1.7 1.7 30 0.6 14.7

5.1.4 Finite Element Results

Using  finit e eleme nt analy ses to deter mine the abili ty of the casks  to maint ain conta inment
require s inves tigation of all of the areas  and facto rs that may resul t in a loss of conta inment.  For
these  casks  the main facto rs to consi der are maxim um tensi le plast ic strai ns in the conta inment
bound ary, maxim um tensi le plast ic strai ns in the closu re bolts , and defor mations in the regio n of
the seals .  For the sandw ich-wall casks  the conta inment bound ary is the inner  shell , but the
develop ment of a tear in this shell  does not neces sarily imply  a loss of conta inment if the outer 
shell  remai ns intac t.  None of the finit e element impac t analy ses indic ated strai ns above  70
percent in this shell , so no teari ng is predi cted to take place  (the true strai n at failu re for 304L is
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great er than 120 p ercent).  Table  5.3 shows  the maxim um level  of plast ic strai n obser ved in the
inner  shell for the three  sandw ich wall casks .  The strai n level s in the other  porti ons of the cask
were lower  than those  in the shell s.  A strai n fring e plot for the 120-m ph impac t of the steel -lead-
steel  truck  cask is shown  in Figur e 5.6.  EQPS is the equiv alent plast ic strai n, and is the non-
direc tional three -dimension al measu re of stret ching in the mater ial.  Simil ar figur es for all of the
analy ses are given  in Appendix A.

Table 5.3  Maximum Plastic Strain in the Inner Shell of the Sandwich Wall Casks

Cask Corner Impact
Speed     Strain

   (%)

End Impact
Speed     Strain

   (%)

Side Impact
Speed     Strain

   (%)
Steel-Lead-Steel
Truck

30 mph 12
60 mph 29
90 mph 33
120 mph 47

30 mph 3.9
60 mph 12
90 mph 18
120 mph 27

30 mph n.a.
60 mph 16
90 mph 24
120 mph 27

Steel-DU-Steel Truck 30 mph 11
60 mph 27
90 mph 43
120 mph 55

30 mph 1.8
60 mph 4.8
90 mph 8.3
120 mph 13

30 mph 6
60 mph 13
90 mph 21
120 mph 30

Steel-Lead-Steel Rail 30 mph 21
60 mph 34
90 mph 58
120 mph 70

30 mph 1.9
60 mph 5.5
90 mph 13
120 mph 28

30 mph 5.9
60 mph 11
90 mph 15
120 mph n.a.

0.00
0.05
0.10
0.15
0.20
0.25
0.30
* = 0.40

EQPS

Figure 5.6  Deformed shape and plastic strain fringes for the steel-lead-steel
truck cask following a 120-mph impact in the side-on orientation.  The maximum
plastic strain (indicated by the asterisk) occurs in the outer shell.  The maximum

strain in the inner shell is 0.27.



5-10

For the monol ithic rail cask the maxim um strai n on the inter ior surfa ce of the cask is less than
60 pe rcent for all analy ses.  The maxim um occur s at the lid-c ask inter face for the 120-m ph side
impact case.   At this locat ion most of the plast icity is cause d by compr ession, so there  is no
possi bility of mater ial failu re.  Table  5.4 lists  the maxim um strai ns on the insid e of the cask for
these  analy ses.

Table 5.4  Maximum Plastic Strains on the Inside of the Monolithic Rail Cask

Corner Impact
Speed     Strain

   (%)

End Impact
Speed     Strain

   (%)

Side Impact
Speed     Strain

   (%)
30 mph < 10
60 mph < 20
90 mph < 30

120 mph < 50

30 mph < 2
60 mph < 5
90 mph < 10

120 mph < 17

30 mph < 10
60 mph < 30
90 mph < 50

120 mph < 60

The chanc e of a closu re failu re is direc tly relat ed to the defor mations betwe en the cask lid and
cask body and tensi le or shear  failu re of the bolts .  For the conse rvative bolt model  used in these 
analyses, the maximum strain in any of the bolts is shown in Table 5.5.  Several of these analyses
indic ate bolt strai ns that are high enoug h that failu re of the bolt is likel y (strains great er than 50
perce nt).  The bolt mater ial has a speci fied perce nt elong ation great er than 15 perce nt and a
speci fied perce nt reduc tion of area great er than 50 perce nt [5-8] .  This corre lates to a true strai n
at failu re of 69 perce nt.  A value  of 50 perce nt is conse rvatively chose n to indic ate bolt failu re
becau se the mater ial model  used for the bolts  has the true stres s in the bolts  equal  to the ultim ate
tensi le stres s (an engin eering stres s) at a strai n of 50 perce nt.  Limit ing the bolt stres s to the
ultim ate tensi le stres s also assur es that the bolt threa ds will not fail.   Bolt true strai ns that are
higher than 50 percent are shown in bold in the table.  Several other analyses indicate bolt strains
that are high enoug h that failu re of the bolts  is possi ble (true  strai ns highe r than 25 pe rcent).
These  bolt strai ns are shown  in itali cs in the table .  Analy sis for one of the cases  where  bolt
strai ns indic ate that bolt failu re could  occur  inclu ding a failu re model  for bolts  with strai ns
great er than 50 perce nt shows  that even if some of the bolts  fail,  the remai ning bolts  will hold the
lid in place .  Compa rison of the closu re defor mations for this case with those  for the same case
witho ut the bolt failu re model  indic ates only minor  diffe rences (less  than 20% for the side impac t
and only a few perce nt for the corne r impac t).  This is becau se the bolt loads  are prima rily cause d
by a displ acement disco ntinuity betwe en the cask body and the lid.
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Table 5.5  Maximum True Strain in the Closure Bolts

Cask Corner Impact
Speed     Strain

   (%)

End Impact
Speed     Strain

   (%)

Side Impact
Speed     Strain

   (%)
Steel-Lead-Steel Truck 30 mph 3

60 mph 6
90 mph 9
120 mph 11

30 mph 1
60 mph 3
90 mph 5
120 mph 7

30 mph n.a
60 mph 2
90 mph 5
120 mph 10

Steel-DU-Steel Truck 30 mph 5
60 mph 9
90 mph 19
120 mph 22

30 mph 0
60 mph 3
90 mph 7
120 mph 9

30 mph 1
60 mph 4
90 mph 10
120 mph 18

Steel-Lead-Steel Rail 30 mph 19
60 mph 37
90 mph 60
120 mph 102

30 mph 6
60 mph 3
90 mph 9
120 mph 16

30 mph 14
60 mph 106
90 mph 151
120 mph n.a.

Monolithic Rail 30 mph 14
60 mph 40
90 mph 67
120 mph 80

30 mph 4
60 mph 14
90 mph 35
120 mph 58

30 mph 15
60 mph 32
90 mph 104
120 mph 170

The amoun t of defor mation betwe en the cask body and the lid at the locat ion of the O-rin g seals 
deter mines if a leak path from the cask is gener ated.  Becau se the seal groov es were not expli citly
inclu ded in the model , the defor mation at a locat ion that is near where  the O-rin gs would  be
locat ed is used.   For each model  the displ acement of two sets (uppe r point  and lower  point ) of
two nodes  on the cask lid and one node on the cask body are track ed for all times .  Initi ally these 
three  nodes  are co-li near, with the body node lying  betwe en the two lid nodes .  From the
displ acement time histo ries, the amoun t of seal separ ation and seal slidi ng can be deter mined.
The seal separ ation is defin ed as the movem ent of the body node that is norma l to the line
betwe en the two lid nodes .  The slidi ng is defin ed as the movem ent of the body node along  the
line betwe en the two lid nodes .  Figur e 5.7 shows  these  displ acements for the 90-mp h end
impac t of the monol ithic steel  rail cask.   Figure 5.8 shows  a typic al time histo ry for openi ng
displ acement.  Simil ar curves for all of the analy ses are inclu ded in Appen dix A.  Table  5.6
shows  the seal regio n displ acements at the end of the finit e eleme nt analy sis.  Becau se the only
locat ion for leaka ge of radio active mater ials is at the closu re, and the high degre e of varia bilit y in
closu re desig ns, ident ical analy ses with less stiff  bolts  were perfo rmed for the 60 mph corne r
and side impac ts of the monol ithic steel  rail cask.   To perfo rm these  analy ses the elast ic modul us
and strai n-hardenin g modul us of the bolt steel  were reduc ed by a facto r of three . These  analy ses
resul ted in nearl y ident ical openi ng displ acements as the origi nal analy ses.  These  resul ts suppo rt
the hypot hesis that the cask wall and lid are much stiff er than the closu re bolts , and the openi ng
displ acements are the resul t of displ acement disco ntinuities  betwe en the cask body and lid, and
are not great ly affec ted by bolt clamp ing force .
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For the end-o n impac t orien tation analy ses the displ acements at the end of the finit e eleme nt run
had not reach ed a stabl e value .  For these  analy ses a range  of final  displ acements is given  in the
table .  This oscil latory respo nse is cause d by the lack of friction and mater ial dampi ng withi n the
finit e eleme nt model .  Numer ically these  oscil lations will conti nue while  the cask is rebou nding.
In reali ty, the frict ion and other  dampi ng mecha nisms will quick ly cause  these  oscil lations to
stop,  and the final  displ acements will be at about  the middle of the range  shown  in the table .

The many factors affecting closure opening and the way they interact can lead to surprising results.
For example, the maximum true strain in the closure bolts for the lead shielded rail cask is higher
for the 30-mph impact than it is for the 60-mph impact.  In addition, for many of the impacts
increasing the impact velocity results in a decrease in closure opening as shown in Table 5.6.

Node A Node B
initial pos.

Node B
final pos.

Node C

Sliding displacement

Opening
displacement

Node A Node B
initial pos.

Node B
final pos.

Node C

Cask Lid

Cask
Body

Figure 5.7  Seal region displacements for the 90-mph end
impact of the monolithic steel rail cask.
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Figure 5.8  Time history for lid opening displacement for the 60 mph
side-impact of the monolithic steel rail cask.

Table 5.6  Seal Closure Displacements, in Inches, at the End of the Analysis

Corner Impact End Impact Side ImpactCask Analysis
Velocity Opening Sl id ing Opening Sl id ing Opening Sl id ing

Steel-Lead-Steel
Truck

30 mph
60 mph
90 mph

120 mph

0.02
0.02
0.02
0.04

0.01
0.03
0.06
0.04

0.000-0.002
0.001-0.003
0.000-0.002

0.002

0.000-0.002
0.001-0.004
0.003-0.005

0.02

-
0.01
0.02
0.02

-
0.02
0.02
0.01

Steel-DU-Steel
Truck

30 mph
60 mph
90 mph

120 mph

0.02
0.08
0.02
0.03

0.07
0.07
0.10
0.15

0.005-0.012
0.01-0.02

-
0.013

0.001-0.005
0.003-0.006

-
0.03

0.01
0.01
0.01
0.004

0.02
0.01
0.02
0.02

Steel-Lead-Steel
Rail

30 mph
60 mph
90 mph

120 mph

0.01
0.08
0.24
0.51

0.14
0.32
0.74
1.18

0.001-0.022
0.000-0.016
0.004-0.005
0.001-0.018

0.009-0.012
0.01-0.02

0.097-0.101
0.20-0.22

0.01
0.02
0.02
-

0.02
0.01
0.02
-

Monolithic Rail 30 mph
60 mph
90 mph

120 mph

0.04
0.10
0.22
0.44

0.20
0.36
0.48
0.59

0.007-0.053
0.04-0.12
0.03-0.13
0.09-0.16

0.04-0.05
0.09-0.10
0.38-0.39

0.668

0.01
0.04
0.08
0.12

0.01
0.01
0.09
-
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To deter mine the leak area that resul ts from these  openi ng displ acements, the influ ence of the
pre-c ompression  of the elast omeric O-rin g and the width  of the openi ng must be consi dered.  For
cases  with maxim um openi ngs of less than 0.100  inche s, the pre-c ompression  of the O-rin g (as
much as 0.112  inche s for 3/8-i nch O-rin gs and 0.150  inche s for 1/2-i nch O-rin gs at 30 perce nt
compr ession for stati c face seal confi gurations [5-11 ]) will allow it to recov er suffi ciently to
maint ain an adequ ate seal to preve nt relea se of radio active mater ial.  For openi ng displ acements
betwe en 0.100  and 0.200  inche s, the diffe rence in bolt strai ns indic ates that the openi ng only
occur s at the locat ion of one bolt.  The width  of the leak path is then equal  to the bolt spaci ng
(6.38  inche s for the rail casks ).  Howev er, for part of this width , the actua l openi ng
displ acement will be less than the O-rin g compr ession; there fore, the area of the resul ting hole is
calcu lated by trunc ating the base (the trunc ated part has a heigh t of 0.100  inche s) of an isosc eles
trian gle with a heigh t of the openi ng displ acement and a width  of the bolt spaci ng.  For openi ng
displ acements betwe en 0.200  and 0.300  inche s, the openi ng occurs over two bolt spaci ngs, and
for openi ng displ acements great er than 0.300  inche s, it is assum ed the openi ng occur s over three 
bolt spaci ngs.  For openi ng displ acements great er than 0.300  inche s, the resul ting leak area is
suffi ciently large  that incre asing the width  of the openi ng has littl e or no effec t on the amoun t of
relea se.  Table  5.7 summa rizes the leak path calcu lations for the analy ses where  the maxim um
closu re openi ng is great er than 0.100  inche s.

Table 5.7  Calculated Rail Cask Closure Hole Sizes

Cask Velocity
(mph)

Orientation Opening
Displacement

(inches)

Opening
Width

(inches)

Leak Path
Area
(in2)

90 Corner 0.243 12.76 0.54Steel-Lead-Steel Rail
120 Corner 0.512 19.14 3.2
60 Corner 0.103 6.38 0.00028
90 Corner 0.216 12.76 0.40

120 Corner 0.439 19.14 2.5

Monolithic Rail

120 Side 0.123 6.38 0.014

An addit ional resul t of impac t accid ents can be loss of shiel ding.  For the two lead- shielded
casks , loss of shiel ding is a resul t of the slump ing of the lead.   For the monol ithic steel  rail cask
there  is no loss of shiel ding, but there  may be some radia tion strea ming throu gh the closu re.  For
the steel -DU-steel truck  cask,  the model  does not inclu de any gaps betwe en forge d DU
segme nts, so there  is no loss of shiel ding.  Lead slump  occur s mostly in the end-o n impac t
orien tation, with a lesse r amoun t in the CG-ov er-corner orien tation.  In the side- on orien tation
there  is no signi ficant reduc tion in shiel ding.  The zero- thickness shell  eleme nts in the finit e
eleme nt model  allow  the lead addit ional space  to flow to befor e conta cting the wall.   This
incre ases the obser ved amoun t of lead slump .  Figur e 5.9 shows  the steel -lead-stee l rail cask
follo wing a 120-m ph end impac t.
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Figure 5.9 Slumping of lead and contents following a 120-mph
end-on impact of the steel-lead-steel rail cask.

5.1.5 Benchmarking of Finite Element Calculations

Typic al analy ses used to certi fy a cask do not indic ate the large  level s of strai ns seen in these 
analy ses.  To be confi dent that analy ses of this type are captu ring the true respo nse of the
package they must be compa red to simil ar analy ses that have been demon strated to be accur ate.
In the mid 1990s  Sandi a perfo rmed a serie s of tests  and analy ses of the Struc tural Evalu ation
Test Unit (SETU ).  End impac t tests  of 30, 45, and 60 mph were perfo rmed.  This test unit was
rough ly a 1/3-s cale model  of a steel -lead-stee l walle d rail cask.   In this progr am excel lent
agreement was obtai ned betwe en two-d imensional  axi-s ymmetric finit e eleme nt analy ses and end
impact tests .  In addit ion, a 7 degre es off-a xis impac t test at 60 mph was perfo rmed and
compa red to 3-D finit e eleme nt calcu lations.  Again  there  was excel lent agree ment betwe en the
analy sis and test resul ts.  The finit e eleme nt model s used in the SETU progr am were very simil ar
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to those  used here [5-4] .  For the 3-D finit e eleme nt analy sis the inner  and outer  shell s were
model ed using the same shell  eleme nts as this repor t.  Howev er, in the SETU analy ses the
locat ion of the zero- thickness shell  eleme nts was adjac ent to the lead because there  was no
possi bility for 2-sid ed conta ct on the shell s.  Appen dix B of this repor t gives  a detai led
descr iption of the SETU analyses.

5.2 Impacts onto Real Targets
5.2.1 Introduction

The finit e eleme nt resul ts discu ssed in the previ ous secti on are all for impact s onto a rigid  targe t.
For this type of impac t, the entir e kinet ic energ y of the impac t is absor bed by the cask.   For finit e
eleme nt analy ses a rigid  targe t is easil y imple mented by enfor cing a no displ acement bound ary
condi tion at the targe t surfa ce.  In real life,  the const ruction of a rigid  targe t is impos sible, but it
is possi ble to const ruct a targe t that is suffi ciently rigid  that incre asing its rigid ity does not
incre ase the amoun t of damag e to the cask.   This is becau se in real impacts  there  is a shari ng of
energ y absor ption betwe en the cask and the targe t.  If the targe t is much weake r than the cask, 
the targe t will absor b most of the energ y.  If the targe t is much stron ger than the cask,  most of
the energ y will be absor bed by the cask.   In this secti on the parti tioning of the drop energ y
betwe en the four gener ic casks  and sever al “real -world” targe ts will be devel oped in order  to
obtai n impac t speed s onto real surfa ces that give the same damag e as impac ts onto rigid  targe ts.
Impac ts onto hard deser t soil,  concr ete highw ays, and hard rock are consi dered.   Impac ts onto
water  surfa ces are not expli citly treat ed, but are discu ssed.  In addit ion, the proba bility of
punct ure of the cask cause d by impac t again st a non-f lat surfa ce (or impac t by a puncture probe )
is devel oped.

5.2.2 Methodology

The finit e eleme nt analy ses discu ssed in the prece ding secti ons were all condu cted assum ing the
impac t limit er had alrea dy been fully  crush ed.  As a resul t, it is not possi ble to use these  analy ses
to deter mine real target impac t veloc ities that equat e to the regul atory impac t.  Impac t limit ers are
typic ally desig ned to prote ct the baske ts and spent  fuel in a cask from high accel erations.  For
this reaso n, most spent -fuel casks  have very simil ar impac t limit er desig ns.  Cask behav ior for
regul atory impac ts is prima rily a funct ion of impac t limit er desig n, and not cask desig n.  This
allow s the resul ts from the Modal  Study  [5-15 ] steel -lead-stee l casks  (whic h inclu ded the impac t
limit ers for 30-mp h impac ts) to be used for the gener ic casks  used in this study  to deter mine
equiv alent real targe t impac t veloc ities at rigid  targe t impac t veloc ities of 30 mph.  There fore, for
impac ts onto real targe ts that equat e to the regul atory impac t, the resul ts from the Modal  Study 
are used for all surfa ces excep t hard rock.   For the hard rock impac ts it is assum ed the targe t
absor bs no energ y and the equiv alent veloc ity is equal  to the rigid  targe t veloc ity.  For impac ts at
highe r veloc ities, the metho dology descr ibed below  is used. 

For each finit e eleme nt calcu lation for impac t onto a rigid  targe t the total  kinet ic energ y of the
finit e eleme nt model  is outpu t at 100 time- steps throu gh the analy sis.  The total  kinet ic energ y is
one half of the sum of the mass assoc iated with each node times  the veloc ity of that node
squar ed.  Figur e 5.10 shows  kinet ic energ y time- histories for the steel -lead-stee l truck  cask for
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each orien tation from the 120-m ph impac t analy ses with pre-c rushed impac t limit ers.  From the
time- history of kinet ic energ y, a velocity  time histo ry is deriv ed.  The rigid -body veloc ity for
each time- step is calcu lated assum ing that all of the kinet ic energ y of the model  is cause d by
veloc ity in the direc tion of the impac t.  Equat ion 2 shows  this mathe matically. 

vt
2KE

m
t

i
= ∑ (2)

where  vt is the veloc ity at time t, KEt is the kinet ic energ y at time t, mI is the mass assoc iated
with node I, and the summa tion is over all of the nodes  in the finit e eleme nt model .
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Figure 5.10  Kinetic energy time histories for the steel-lead-steel truck cask from
120-mph impact analyses in the end, side, and corner orientations.
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Numer ical integ ration of the veloc ity time- history gives  the displ acement of the cente r-of-gravi ty
of the model .  A large  porti on of this displ acement is the resul t of the cente r-of-gravi ty movin g
down from the geome tric cente r of the cask due to lead and conte nts slump .  Numer ical
diffe rentiation  of the veloc ity time- history gives  rigid -body accel eration.   The conta ct force 
betwe en the rigid  targe t and the cask at any time is assum ed to be equal  to the rigid -body
accel eration times  the mass of the cask.   This resul ts in a force  time- history.  Combi nation of the
force  time- history and the displ acement time- history resul ts in a force -deflectio n curve  for each
cask and impact  veloc ity.  Figur e 5.11 shows  the force  defle ction curve s deriv ed from the kinet ic
energ y time- histories shown  in Figur e 5.10.   Numer ical integ ration of the force -deflectio n curve 
resul ts in energ y absor bed by the cask.   At the end of the analysis the energ y absorbe d by the
cask is equal  to the initi al kinet ic energ y.
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Figure 5.11  Force-deflection curves for the steel-lead-steel truck cask from the 120-mph
impact analyses in the end, side, and corner orientations.
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For each analy sis the peak conta ct force  is deter mined.  Table  5.8 lists  these  force s.  For an
impact onto a real targe t to be as damag ing to the cask as the impac t onto the rigid  targe t, the
targe t must be able to impar t a force  equal  to this peak force  to the cask. 

The energ y absor bed by the targe t in devel oping this force  is added  to the initi al kinet ic energ y of
the cask.   This total  absor bed energ y is used to calcu late an equiv alent veloc ity by repla cing KEt

in Equat ion 2 with the total  energ y.

Table 5.8  Peak Contact Force From Impacts Onto Rigid Targets (Pounds)

Cask Corner Impact End Impact Side Impact
Steel-Lead-Steel
Truck

30 mph 2.3E6
60 mph 5.0E6
90 mph 7.0E6

120 mph 1.0E7

30 mph 9.0E6
60 mph 1.3E7
90 mph 1.7E7

120 mph 2.0E7

30 mph 5.7E6
60 mph 1.4E7
90 mph 2.2E7

120 mph 3.4E7
Steel-DU-Steel Truck 30 mph 6.5E6

60 mph 1.1E7
90 mph 1.4E7

120 mph 1.7E7

30 mph 1.0E7
60 mph 1.3E7
90 mph 1.5E7

120 mph 1.7E7

30 mph 9.0E6
60 mph 2.3E7
90 mph 3.4E7

120 mph 4.9E7
Steel-Lead-Steel Rail 30 mph 1.3E7

60 mph 2.3E7
90 mph 3.6E7

120 mph n.a.

30 mph 3.8E7
60 mph 6.8E7
90 mph 8.3E7

120 mph 1.1E8

30 mph 1.8E7
60 mph 4.4E7
90 mph 6.2E7

120 mph n.a.
Monolithic Rail 30 mph 2.1E7

60 mph 3.9E7
90 mph 5.8E7

120 mph 7.5E7

30 mph 3.8E7
60 mph 9.5E7
90 mph 1.1E8

120 mph 1.3E8

30 mph 2.2E7
60 mph 5.4E7
90 mph 9.5E7

120 mph 1.1E8

5.2.3 Soil Targets

The force  that hard deser t soil impar ts onto a cask follo wing an impac t was deriv ed from resul ts
of impac t tests  perfo rmed by Gonza les [5-13 ], Waddo ups [5-14 ], and Bonzo n and Scham aun
[5-15].  The tests  by Gonza les and Waddo ups used casks  that were compa rable to the gener ic
casks  of this study .  The tests  by Bonzo n and Scham aun were with casks  that were less stiff  than
the gener ic casks .  This large  amoun t of test data was used to devel op an empir ical soil targe t
force -deflectio n equat ion that is a funct ion of impac tor area.   Figur e 5.12 shows  the force -
defle ction curve s for impac t of the steel -lead-stee l truck  cask.   Corne r impac ts were assum ed to
have the same conta ct area on the soil targe t as the end impac ts, so only two curve s are shown .
Simil ar curve s were devel oped for each of the other  casks .  Compa rison of Figur e 5.12 with the
force s in Table  5.8 show that many of the impac ts will resul t in very large  soil penet rations .
This is consi stent with the resul ts seen in Waddo ups’ tests , where  casks  were dropp ed 2,000 
feet from a helic opter.  Penet ration depth s for these  impac ts were up to 8 feet,  and the equiv alent
rigid  target impac t veloc ity was less than 30 mph.  Integrati on of the force -deflectio n curve  up to
the peak conta ct force  deter mines the amoun t of energ y absor bed by the targe t.
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Figure 5.12  Force-deflection curves for impact onto hard desert soil.

5.2.4 Concrete Targets

The force  impar ted to a cask by impac t onto a concr ete targe t is deriv ed from test resul ts by
Gonzales  [5-13 ].  In his serie s of tests , a cask- like test unit was impac ted onto two types  of
concr ete targe ts, one 12 inche s thick  and one 18 inche s thick , at veloc ities from 30 to 60 mph.
All of the impacts  were in an end-o n orien tation.  Based  upon the resul ts of these  tests  and
engin eering mechani cs, an empir ical relat ionship betwe en the force  and energ y absor bed was
deriv ed.  For impacts  onto concr ete slab targe ts there  are two mecha nisms that produ ce large 
force s onto the cask.   The first  is the gener ation of a shear  plug in the concr ete.  The force 
requi red to produ ce this shear  plug is linea rly relat ed to the impac t veloc ity, the diame ter of the
impac ting body,  and the thick ness of the concr ete.  Equati on 3 gives  the empir ical equat ion for
the force  requi red to produce the shear  plug. 

F C v d ts s e i c= (3)
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where  Fs is the force  requi red to produ ce the shear  plug,  Cs is an empir ical const ant (16.8 4), ve

is the equiv alent impac t veloc ity, di is the diame ter of the impac tor, and tc is the thick ness of the
concr ete slab. 

The energ y absor bed in produ cing this shear  plug is linea rly relat ed to the cask diame ter, the
squar e of the impac t veloc ity, and the fourt h root of the slab thick ness.  Equat ion 4 gives  the
empiric al equat ion for the energ y requi red to produ ce the shear  plug. 

E C d v ts e i e
2

c
0.25= (4)

where  Es is the energ y requi red to produ ce the shear  plug and Ce is an empir ical const ant
(0.00 676).

After  the shear  plug is forme d, furth er resistan ce to penet ration is achie ved by the behav ior of the
subgr ade and soil benea th the concr ete.  This mater ial is being  penet rated by the cask and the
shear  plug.   Gener ally, the shear  plug forms  with 45-de gree slope s on the side.   There fore, the
diame ter of the soil being  penet rated is equal  to the cask diame ter plus twice  the slab thick ness.
The behav ior of the subgr ade and soil is assum ed to be the same as the hard deser t soil used for
the soil targe t impac ts.  Figur e 5.13 shows  a compa rison of the empiric al relat ionship with one
of Gonza les’ tests .  Figur e 5.14 shows  the force -deflectio n curve  for the steel -lead-stee l truck 
cask impac ting a 9-inc h thick  concr ete roadw ay at 120 mph.  For corne r and side impac ts an
equiv alent diame ter is calcu lated to fit with the empir ical equat ions.  For each case the diame ter is
calculat ed by assum ing the shear  plug forms  when the concr ete targe t has been penet rated two
inche s.  The area of the equiv alent diame ter is equal  to the area of the concr ete in conta ct with the
cask when the penet ration depth  is two inche s.  To calcu late the equiv alent veloc ity for concrete 
targe ts the force  requi red to gener ate the shear  plug must be compa red to the peak conta ct force 
for the impac t onto the rigid  targe t.  The veloc ity requi red to produ ce this force  can be calculat ed
from Equat ion 3.  The kinet ic energ y assoc iated with this veloc ity is absor bed by a combinat ion
of produ cing the shear  plug,  penet ration of the subgr ade and soil benea th the concr ete, and
defor mation of the cask.   The energ y absor bed in produ cing the shear  plug is calcu lated by
Equat ion 4, the energ y absor bed by the cask is equal  to the kinet ic energ y of the rigid  targe t
impact,  and the energ y absor bed by the subgr ade and soil is calcu lated in a manne r simil ar to that
for the soil impac t discu ssed above .  If the amoun t of energ y to be absor bed by the soil is
sufficient ly high,  the force  in the soil will be highe r than the force  requi red to produ ce the shear 
plug.   In this case,  an itera tive appro ach is neces sary to deriv e an equiv alent veloc ity so that the
maximum force  gener ated in penet rating the subgr ade and soil benea th the concr ete is equal  to the
peak conta ct force  for the rigid  targe t impac t.
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Figure 5.13  Comparison of test force-deflection curves
with those derived from the empirical equations.

The only orien tation of impac ts onto concr ete targe ts where  test data is avail able is for end
impacts .  In this orien tation the conta ct area betwe en the cask and the concr ete does not incre ase
with incre asing penet ration dista nce.  In order  to use the empir ical relat ionships devel oped for
end impac ts with other  impac t orien tations, an equiv alent diame ter must be deter mined.  For both
the side and corne r impac ts, the equiv alent diame ter was calcu lated to have an area equal to the
area of the cask two inche s above  the conta ct point .  For side impac t orien tations, this area is a
recta ngle.  For corne r impac t orien tations this area is a trunc ated parab ola.  Table  5.9 gives  the
equiv alent diame ters used for each of the casks.  For all of the casks , the equiv alent diame ter for
the corne r impac t is much small er than the cask diame ter.  This is espec ially prono unced for the
rail casks .  In reali ty, the failu re mode for a concr ete targe t being  impac ted by a large  cask in a
corne r orien tation is proba bly not gener ation of a shear  plug,  but rathe r a split ting tensi le failu re
and subse quent rotat ion of the slab to allow  perfo ration by the cask.   After  penet ration of the
concr ete occur s,  the area of the cask plus concr ete penet rating the soil is equal  to the cask cross -
secti onal area (the same area used for the soil targe t impac ts).
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Figure 5.14  Force-deflection curves for concrete target impacts
of the steel-lead-steel truck cask at 120 mph.

Table 5.9  Equivalent Diameters for Concrete Impacts

Cask Orientation Equivalent Diameter
(inches)

Corner 15.3
End 27.5

Steel-Lead-Steel Truck

Side 61.1
Corner 20.2

End 28.0
Steel-DU-Steel Truck

Side 60.6
Corner 13.6

End 80.0
Steel-Lead-Steel Rail

Side 79.8
Corner 13.0

End 85.0
Monolithic Rail

Side 79.0
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5.2.5 Hard Rock Targets

For impac ts onto hard rock targe ts the targe t is assum ed to be a semi- infinite half plane .  The
force  and energ y absor bed by the targe t is deter mined by the volum etric behav ior of the rock. 
For hard rock surfa ces this behav ior is suffi ciently stiff  that very littl e energ y is absor bed by the
target.  For this reaso n these  impac ts are treat ed as rigid  targe t impac ts.

5.2.6 Example Calculation

In this secti on, the metho dology discu ssed in Secti on 5.2.2  will be applied to the steel -lead-stee l
truck  cask using  the soil targe t prope rties from Secti on 5.2.3 .  For the 120 mph impac t in the

end-o n orien tation the peak conta ct force  actin g on the cask is 20 × 106 pound s (from  Figur e 5-
11 or Table  5-8).   For a soil targe t to gener ate this amoun t of force , the cask must penet rate
sligh tly over 12 feet (from  Figur e 5.12) .  The energ y absor bed by the soil targe t while  it is being 
penet rated to this dista nce is equal  to the integ ral under  the force -deflectio n curve  up to this

penet ration distance .  For this case,  this is equal  to 136 × 106 foot- pounds.  The kinet ic energ y

of this 50,00 0 pound  cask trave lling at 120 mph is 24.1  × 106 foot- pounds.  This is the amoun t
of energ y absor bed by the cask for impac t onto a rigid  targe t.  For the impac t onto the soil targe t,

the cask will there fore absor b 24.1  × 106 foot- pounds of energ y and the soil will absor b

136 × 106 foot- pounds of energ y for a total  of 160 × 106 foot- pounds of energ y.  The cask
veloc ity that is assoc iated with this amount of kinet ic energ y is 309 mph.  This veloc ity is much
highe r than the 150-m ph top veloc ity in the accid ent veloc ity distr ibutions.  Note that all of the
equiv alent veloc ities deter mined in this manne r negle ct the energ y absor bed by the impac t limit er.

5.2.7 Results for Real Target Calculations

Table s 5.10 to 5.13 summa rize the resul ts for impac ts onto soil and concr ete targe ts.

Table 5. 10  Real target Equivalent Velocities  (mph) for the Steel-Lead-Steel Truck Cask

Rigid Target VelocityTarget/Orientation
30 mph

w/o limiter
60 mph

w/o limiter
90 mph

w/o limiter
120 mph

w/o limiter
Soil

End >150 >>150 >>150 >>150
Side 70 >150 >>150 >>150

Corner 61 135 >150 >>150
Concrete Slab

End 123 >150 >>150 >>150
Side 35 86 135 >150

Corner 56 123 >150 >>150
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Table 5. 11  Real Target Equivalent Velocities  (mph) for the Steel-DU-Steel Truck Cask

Rigid Target VelocityTarget/Orientation
30 mph

w/o limiter
60 mph

w/o limiter
90 mph

w/o limiter
120 mph

w/o limiter
Soil

End >150 >>150 >>150 >>150
Side 99 >>150 >>150 >>150

Corner 128 >150 >>150 >>150
Concrete Slab

End 134 >150 >150 >150
Side 56 142 >150 >>150

Corner 121 >150 >>150 >>150

Table 5. 12  Real Target Equivalent Velocities  (mph) for the Steel-Lead-Steel Rail Cask

Rigid Target VelocityTarget/Orientation
30 mph

w/o limiter
60 mph

w/o limiter
90 mph

w/o limiter
120 mph

w/o limiter
Soil

End >>150 >>150 >>150 >>150
Side 72 >150 >>150 >>150

Corner 68 133 >150 >150
Concrete Slab

End >150 >>150 >>150 >>150
Side 85 >150 >>150 >>150

Corner >>150 >>150 >>150 >>150
Table 5. 13  Real Target Equivalent Velocities  (mph) for the Monolithic Steel Rail Cask

Rigid Target VelocityTarget/Orientation
30 mph

w/o limiter
60 mph

w/o limiter
90 mph

w/o limiter
120 mph

w/o limiter
Soil

End >150 >>150 >>150 >>150
Side 92 >150 >>150 >>150

Corner 111 >150 >>150 >>150
Concrete Slab

End >150 >>150 >>150 >>150
Side 104 >>150 >>150 >>150

Corner >>150 >>150 >>150 >>150
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5.2.8 Impacts onto Water

Equiv alent veloc ities for impac ts onto water  targets for veloc ities great er than the regul atory
impact are assum ed to be above  the range  of possi ble impac t veloc ities (150 mph).   The
incom pressible natur e of water  makes  perfe ctly flat impac ts quite  sever e.  As the impac t veloc ity
incre ases small er deviati ons from the perfe ctly flat orien tation are suffi cient to cause  the lack of
shear  stren gth in water  to domin ate the respo nse.  Becau se perfe ctly flat impac ts are very
impro bable, this appro ach is justi fied.

5.2.9 Correlation of Results with Modal Study Event Trees

The Modal  Study  [5-12 ] event  trees  speci fy impac t surfa ces for each accid ent type.   Because 
these  event  trees  are used in this study  to deter mine accid ent proba bilities, this secti on will
discu ss which  of the veloc ities deter mined above  corre late to the surfa ces speci fied in the event 
trees .  For this study  the event  tree surfa ce of railb ed/roadbed  will be treat ed as soil.   The soil
impac ted in the tests  used to calib rate the model  was very hard deser t soil,  typic al of
Albuq uerque, New Mexic o.  This soil is gener ally harde r than the soil found  on railb eds and
roadb eds.  For impac ts onto the event  tree surfa ce of clay/ silt the equiv alent veloc ities will
alway s be highe r than the soil impac t veloc ity deriv ed here,  but this veloc ity will be conse rvative
and is there fore used.   For the event  tree surfa ce of soft rock/ hard rock/ concrete the data from the
concr ete slab analy ses will be used.   In the Modal  Study  the equiv alent veloc ities for the event 
tree surfa ces of colum n and abutm ents were the same as those  for the soft rock/ hard soil/ concrete
surfa ce.  This appro ach will be repea ted in this study .  The event  tree surfa ce of hard rock will
be treat ed as unyie lding at all veloc ities, becau se the amoun t of energ y absor bed by the rock is
only a small  porti on of the impac t energ y.  For all of the other  impac t surfa ces the 30-mp h
equiv alent veloc ity is taken  direc tly from the Modal  Study .

5.3 Puncture Analyses
Revie w of data from the Assoc iation of Ameri can Railr oads (AAR)  on the punct ure of railr oad
tank cars indic ates that cars with a shell  thick ness great er than or equal  to one inch rarel y
exper ience punct ure failu res1.  Becau se the steel -lead-stee l rail cask in this study  has an outer 
shell  thick ness of two inche s, it is highl y unlik ely that even the outer  shell  will be punctured  in
any rail accid ent.  The conta inment bound ary on the sandw ich-wall casks  is the inner  shell , so
punct ure failu re of the outer  wall will not resul t in any relea se.  The resid ual energ y neces sary to
punct ure the inner  shell  after  the outer  shell  and shiel ding layer s have been perfo rated is similar
in magni tude to that requi red to punct ure the outer  shell , makin g loss of conta inment in punct ure
accid ents even more unlik ely.  Figur e 5.15 shows  the relat ionship betwe en tanke r shell  thick ness
and fract ion of cars invol ved in punct ure-type accid ents that were faile d becau se of punct ure.
Even the truck  casks , which  have thinn er outer  shell s than rail casks , have a compo site wall
stren gth that is signi ficantly great er than the stren gth of the stron gest tank cars.   The proba bility
that these  casks  will be faile d becau se of punct ure is extre mely low.  This
_____________

1. Perso nal commun ication wi th D. J.  Paste rnak and data from RPI-AAR Ra ilroad Tan k Car Safe ty Researc h

and T est Projec t, June 19 98.
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Figure 5.15  Fraction of railroad tank cars involved in
puncture-type accidents that failed because of puncture.

is consi stent with recen t analy ses perfo rmed by the NRC in respo nse to quest ions from the
AAR.  These  analy ses concl uded that it would  be impos sible for a rail coupl er or a regul atory
puncture spike  to punct ure the wall of a rail cask [5-16].

5.4 Failure of Rods
The perce ntage of fuel pins damag ed for each impac t is estim ated based  on the peak rigid -body
accel eration.  The STACE  repor t [5-17] provi des strai ns in the fuel pin cladd ing for a 100-G  side
impac t for both PWR and BWR assem blies.  In that repor t, it was shown  that side impac t
provides  the most sever e loadi ng to the fuel assem blies.  Durin g end-o n impac ts, the fuel
assem blies are loade d by axial  compr essive loads .  This type of loadi ng will cause  the indiv idual
rods to event ually buckl e.  Becau se of the limit ed space  for later al motio n that resul ts from this
buckl ing and the very slend er natur e of the fuel rods,  relat ively low strai ns are produ ced.
There fore, in this repor t, the maxim um strai n gener ated in a fuel rod due to impac ts onto a rigid 
targe t at any of the four speed s and three  impac t orien tations model ed by the finit e eleme nt
calcu lations will be estim ated using  the peak accel eration of the impac t to scale  the large st strai n
gener ated in a fuel rod by a 100-G  side impac t.  The rod will then be said to fail whene ver the
scale d strai n level  equal s or excee ds the strai n failu re crite rion devel oped in the next secti on.
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5.4.1 Rod Failure Strain Criterion

As of 1994,  the U.S. comme rcial spent  fuel inven tory conta ined about  49 perce nt low burnu p
(0 to  30 GWDt/ MTU) fuel,  about  49 perce nt inter mediate burnu p (30 to 45 GWDt/ MTU) fuel, 
about  2 perce nt inter mediate to high burnu p (45 to 50 GWDt/ MTU) fuel,  and only 0.2 perce nt
high burnu p (50 to 60 GWDt/ MTU) fuel [5-18 ].  Recen t data sugge st that,  as of 1998,  about  25
to 30 perce nt of PWRs and 15 to 20 perce nt of BWRs were produ cing high burnu p fuel1.  Since 
hardl y any high burnu p fuel was being  produ ced in 1994, linea r extra polation of this data
sugge sts that by 2010 almos t all U.S. comme rcial react ors will be producin g high burnu p spent 
fuel and about  half will be produ cing high burnu p fuel in 2002. 

In 1994,  the 109 power  react ors that were opera ting in the United State s gener ated 1883 MT of
spent  fuel [5-18] or 17.28  MT per react or-year.  If all of the U.S. comme rcial power  react ors
opera ting in 1999 exten d their  plant  lives  to 40 years , then data publi shed in Nucle ar News [5-
19] allow s the amoun ts of spent  fuel that will be gener ated over the remai ning life of these 
react ors to be calcu lated.  The rate of conve rsion to high burnu p fuel can be captu red by
assum ing that from 1995 throu gh 2001,  all opera ting react ors will gener ate fuel with burnu ps of
40-45  GWDt/ MTU and from 2002 throu gh the end of their  opera ting lives  they will all gener ate
high burnu p fuel (fuel  with burnu ps of 55-60  GWDt/ MTU).  Thus,  durin g the seven  year perio d
from 1995 throu gh 2001,  13181  MTU = (7 yrs)(188 3 MTU per yr) of 40-45  GWDt/ MTU fuel
will be produ ced; and, after  2001,  33600  MTU = (17.2 8 MT per react or)(1945 react or-yrs) of
high burnu p fuel will be produ ced where , as Table  5.14 shows , 1945 is the numbe r of years  of
react or opera tion after  2001 that will occur  if all of the react ors operati ng in 1999 exten d their 
plant  lives  to 40 years .

The strai ns that cause  rod failu re are expec ted to lie somew here betwe en the unifo rm plast ic
elong ation (UE) and total  plast ic elong ation (TE) strai ns that produ ce rod failu re, proba bly well
below  the total elong ation strai ns and not much above  the unifo rm elong ation strai ns2.  For
avera ge burnu p fuel,  the resul ts of Bauer  and Lowry  [5-20] sugge st that,  when heate d to 200 to

300° C, avera ge burnu p spent  fuel will fail when UE strai n level s reach  4 perce nt or TE strai n
level s reach  8 perce nt.  For avera ge burnup  fuel,  Sande rs et al. [5-17 ] estim ate that the
proba bility of rod failu re due to an impac t that gener ates a biaxi al stres s ratio  (pres surized fuel
under  tensi on) of 0.9 is 50 perce nt when the ruptu re strai n is 4 perce nt.  For high burnu p fuel,

the data of Smith  et al . [5-21 ] and Garde  et al. [5-22 ] indic ate that at 300° C high burnu p fuel
will fail when UE stain  level s reach  1 perce nt or TE strai n level s reach  3.8 perce nt.  Accor dingly,
1 perce nt and 4 perce nt strai ns respe ctively are assum ed to cause  the cladd ing of high (55-6 0
GWDt/ MTU) and high inter mediate (40-4 5 GWDt/ MTU) burnu p spent  fuel rods to fail,  which 
sugge sts that the rod failu re strai n crite rion will incre ase 1 perce nt for each 5 GWDt/ MTU
incre ase in burnu p.

____________
1. Perso nal commu nications,  J. Finuc ane, Coal,  Nucle ar, and Renew able Fuels  Divis ion, U.S. Depar tment of

Energ y, 1999. 

2. Perso nal commu nication, M. Billo ne, Argon ne Natio nal Labor atory, 1999. 
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Table  5. 14  Cal culation o f Reactor- Years Prod ucing High  Burnup Fu el

Start Years Start Years Start Years

Reactor Type Year >2001 Reactor Type Year >2001 Reactor Type Year >2001

Calloway PWR 85 23 Arkansas 1 PWR 74 12 Hope Creek BWR 86 24

Cook 1 PWR 75 13 Arkansas 2 PWR 80 18 Salem 1 PWR 77 15

Cook 2 PWR 78 16 Grand gulf BWR 85 23 Salem 2 PWR 81 19

Palo Verde 1 PWR 86 24 River Bend BWR 86 24 R.E. Ginna PWR 70 8

Palo Verde 2 PWR 86 24 Waterford 3 BWR 85 23 Virgil C. Summer PWR 84 22

Palo Verde 3 PWR 88 26 Davis Besse PWR 78 16 South Texas 1 PWR 88 26

Calvert Cliffs 1 PWR 75 13 Perry 1 BWR 87 25 South Texas 2 PWR 89 27

Calvert Cliffs 2 PWR 77 15 St Lucie 1 PWR 76 14 San Onofre 2 PWR 83 21

Pilgrim BWR 72 10 St Lucie 2 PWR 83 21 San Onofre 2 PWR 84 22

Brunswick 1 BWR 77 15 Turkey Point 1 PWR 72 10 Farley 1 PWR 77 15

Brunswick 2 BWR 75 13 Turkey Point 2 PWR 73 11 Farley 2 PWR 81 19

Robinson 2 PWR 71 9 Crystal River 3 PWR 77 15 Hatch 1 BWR 75 13

Shearon Harris PWR 87 25 Oyster Creek BWR 69 7 Hatch 2 BWR 79 17

Braidwood 1 PWR 88 26 Three Mile Island 1 PWR 74 12 Vogtle 1 PWR 87 25

Braidwood 2 PWR 88 26 Duane Arnold BWR 75 13 Vogtle 2 PWR 89 27

Bryon 1 PWR 85 23 Clinton BWR 87 25 Bellefonte1 PWR 95 33

Bryon 2 PWR 87 25 Cooper BWR 74 12 Bellefonte2 PWR 95 33

Dresden 2 BWR 70 8 FitzPatrick BWR 75 13 Browns Ferry 1 BWR 74 12

Dresden 3 BWR 71 9 Indian Point 3 PWR 76 14 Browns Ferry 2 BWR 75 13

LaSalle 1 BWR 84 22 Nine Mile Point 1 BWR 69 7 Browns Ferry 3 BWR 77 15

LaSalle 1 BWR 84 22 Nine Mile Point 1 BWR 88 26 Sequoyah 1 PWR 81 19

Quad Cities 1 BWR 73 11 Seabrook PWR 90 28 Sequoyah 1 PWR 82 20

Quad Cities 2 BWR 73 11 Millstone 2 PWR 75 13 Watts Bar 1 PWR 96 34

Indian Point 2 PWR 74 12 Millstone 3 PWR 86 24 Watts Bar 2 PWR 95 33

Palisades PWR 71 9 Monticello BWR 71 9 Comanche Peak 1 PWR 90 28

Fermi 2 BWR 88 26 Prairie Island 1 PWR 73 11 Comanche Peak 2 PWR 93 31

Catawba 1 PWR 85 23 Prairie Island 2 PWR 74 12 Vermont Yankee BWR 72 10

Catawba 2 PWR 86 24 Fort Calhoun PWR 73 11 North Anna 1 PWR 78 16

McGuire 1 PWR 81 19 Susquehanna 1 BWR 83 21 North Anna 2 PWR 80 18

McGuire 2 PWR 84 22 Susquehanna 1 BWR 85 23 Surry 1 PWR 72 10

Oconee 1 PWR 73 11 Diablo Canyon 1 PWR 85 23 Surry 2 PWR 73 11

Oconee 2 PWR 74 12 Diablo Canyon 2 PWR 86 24 WPN-2 BWR 84 22

Oconee 3 PWR 74 12 Limerick 1 BWR 86 24 Point Beach 1 PWR 70 8

Beaver Valley 1 PWR 76 14 Limerick 2 BWR 90 28 Point Beach 2 PWR 72 10

Beaver Valley 2 PWR 87 25 Peach Bottom 1 BWR 74 12 Kewaunee PWR 74 12

Peach Bottom 2 BWR 74 12 Wolf Creek PWR 85 23

1945Reactor-Years at High Burnup
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Use of the combi nation of the extra polated amoun ts of inter mediate and high burnu p fuel with
the 1994 data for metri c tons of spent  fuel by burnu p range  produ ces the basis  for const ructing
an avera ge strai n failu re level  as a weigh ted sum of strai n failu re level s weigh ted by the amount 
of spent  fuel in each burnu p range .  To do this,  the cladd ing strai ns that produ ce rod failu re are
assum ed to incre ase rough ly linea rly with decre asing fuel burnu p.  High burnu p (55 to 60
GWDt/ MTU) spent  fuel is assum ed to fail at 1 perce nt strai n, interm ediate burnu p (40 to 45
GWDt/ MTU) spent  fuel fails  at 4 perce nt strai n, and low burnu p (0 to 25 GWDt/ MTU) spent 
fuel fails  at 8 per cent strai n.  As Table  5.15 shows , weigh ted summa tion of these  cladd ing strai n
level s by burnu p range  produ ces an avera ge failu re stain  level  of 3.6 perce nt.  This avera ge is
proba bly somew hat low for three  reaso ns:  (a) becau se it is deriv ed using  unifo rm elong ation
strai ns which  are expec ted to under estimate somew hat the strai ns requi red to produ ce rod failu re,
(b) becau se not all opera ting reactor s will exten d their  opera ting life to 40 years , and (c) becau se
not all opera ting react ors will conve rt to a fuel manag ement cycle  that produ ces high burnu p fuel. 
Accor dingly, in agree ment with the STACE  repor t [5-17 ] and consi stent with failu re strai ns
repor ted by Westi nghouse for several burst  tests  [5-23 ], an avera ge strai n failu re crite rion of
4 per cent seems  reasonab le for the U.S. comme rcial power  react or spent  fuel inven tory even
after  corre cting for the amoun ts of high- burnup fuel likel y to be produ ced durin g the remai nder
of the nucle ar fuel cycle  in the Unite d State s.  Final ly, a sensi tivity calcu lation descr ibed below 
in Secti on 8.10. 3, shows  that,  when rod failu re fract ions are set to 1.0 for all colli sion scena rios
regar dless of their  sever ity, mean accid ent dose risks  are incre ased by only a facto r of 2.0.
Thus,  mean accid ent doses  and dose risks  are not parti cularly sensi tive to the avera ge value 
chose n for the strai n crite rion for rod failu re durin g colli sion accid ents. 

Table  5. 15  Cal culation o f Mass Wei ghted Sum
of Bu rnup Depen dent Rod S train Fail ure Levels 

CriterionGWDT
per MTU MTU Range Weighted

0-25 8437 8 0.88

25-30 6177 7 0.56

30-35 6815 6 0.53

35-40 5149 5 0.34

40-45 2570 4 0.13

45-50 636 3 0.02

50-55 44 2 0.00

55-60 5 1 0.00

AvBU 13181 4 0.69

HBU 33600 1 0.44

Total 76614 Sum 3.60
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5.4.2 Estimation of the Fraction of Rods Failed During Impacts

If the cladd ing strai ns are scale d by the ratio  of peak rigid -body accel erations calcu lated in
Secti on 5.2.2 to the 100-G  accel eration used in the STACE  repor t, the numbe r of pins with
cladd ing strai ns large r than 4 perce nt can be deter mined.  These  resul ts are used to provi de an
estim ate of fuel pin failu re percenta ges.  Table  5.16 gives  the peak rigid -body accel erations for
each of the analy ses.  Table  5.17 gives  the strai ns in the fuel rods resul ting from a 100-G  impac t,
taken  from Figur es III-6 0 and III-6 4 of the STACE  repor t.  Scali ng the strai ns in Table  5.17 by
the accel erations in Table  5.16 and count ing the numbe r of rods with strai ns great er than 4
perce nt resul ts in the fract ion of rods faile d given  in Table 7.18 for each of the analy ses.

Table 5.16  Peak Accelerations from Rigid Target Impacts without Impact
Limiters, Gs

Cask Orientation 30 mph 60 mph 90 mph 120 mph
Corner 51.3 111.4 156.0 222.9

End 200.6 289.8 378.9 445.8
Steel-Lead-Steel
Truck

Side 127.0 312.1 490.4 757.8

Corner 132.6 224.3 291.6 346.7
End 203.9 254.9 297.8 346.7

Steel-DU-Steel Truck

Side 183.5 469.1 693.4 999.3

Corner 50.6 94.4 145.9 n.a.
End 167.3 303.0 371.1 483.6

Steel-Lead-Steel Rail

Side 73.3 178.8 349.7 n.a.

Corner 93.8 174.2 259.1 335.1
End 169.8 424.4 513.8 580.8

Monolithic Rail

Side 98.3 241.3 424.4 491.5

5.5 Conservatism in Calculating Structural Response
In this secti on the conse rvatism assoc iated with the vario us assum ptions in the deter mination of
the struc tural respo nse of the gener ic casks  will be discu ssed in appro ximately the same order  as
the secti ons of this chapt er.

Treat ing all corne r impac ts as if they were CG-ov er-corner force s all of the impac t energ y to be
absor bed on the prima ry impac t end.  For corne r impac ts away from CG-ov er-corner,  some of
the initi al kinet ic energ y of the cask will be conve rted into rotat ional kinet ic energ y at the end of
the prima ry impac t.  This rotat ional kinet ic energ y will be absor bed by a secon dary impac t on the
oppos ite end of the cask.   Anoth er conse rvatism in choos ing the impac t angle s to be analy zed is
the assum ption that all end and corne r impac ts occur  on the closu re end of the cask.   The
defor mations on the end away from the impac t are much small er, so if the impac t occur s on the
end away from the closu re there  will only be small  defor mations in the closu re regio n and no
relea ses for even the 120 mph impac ts.  In addit ion, the veloc ity vecto rs for all of the accid ents
are assum ed to be perpe ndicular to the impac t surfa ce.  In reali ty, there  will be a distr ibution of
angle s betwe en the veloc ity vecto r and the impac t surfa ce, and only the compo nent of the
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veloc ity vecto r that is perpe ndicular to the impac t surfa ce will cause  damag e to the cask.   If the
media n of the distr ibution is at 45 degre es, this resul ts in a 70% reduc tion, on avera ge, in the
compo nent of veloc ity that produ ces damag e.

Table 5.17  Peak Strains in Fuel Rods Resulting from a 100 G Impact

Fraction of
PWR Rods

Peak Strain,
%

Fraction of
BWR Rods

Peak Strain,
%

1/15 3.3 1/7 1.1

2/15 2.9 2/7 1

3/15 2.2 3/7 0.85

4/15 2 4/7 0.83

5/15 1.7 5/7 0.78

6/15 1.5 6/7 0.66

7/15 1.4 7/7 0.62

8/15 1.4

9/15 1.4

10/15 1.3

11/15 1.3

12/15 1.2

13/15 1.2

14/15 1.1

15/15 1.1

Treating the impact limiter material as completely locked-up from a 30-mph impact neglects the
design margin that cask designers include in their impact limiter designs.  For most cask designs
the regulatory impact only uses about 50% of the energy absorbing capability of the impact limiter.
If the impact limiter can absorb twice as much energy (the energy from a 60-foot free drop) the
accident velocities associated with the 30, 60, 90 and 120 mph finite element calculations become
52, 73, 99, and 127 mph respectively instead of the 42, 67, 95, and 124 mph respectively used in
this report.

The use of zero-thickness shell elements to represent the structural portions of the sandwich walls
for the lead and DU shielded casks results in an overprediction of lead slump and strain in the
walls.  Because none of the walls had strains that were sufficiently high to indicate tearing of the
stainless steel, the overprediction of these strains did not have any consequences.  Therefore, the
only consequence of the zero-thickness shells is for loss-of-shielding analyses.

Omitting the neutron shielding and any liner that is outside of it ignores the energy that will be
absorbed by these components.  During regulatory drops (30 mph) this is insignificant, but for
higher velocity side impacts it is possible for the neutron shielding and its liner to absorb enough
energy to reduce the damage to the remainder of the cask.
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The seal leak path areas are only calculated at the location of one of the two o-rings typical in casks
(the one that is closest to the interior of the cask).  In reality, the o-rings at both locations can
provide containment.  For most of the analyses, the opening deflection at the location of the second
o-ring is about half of the deflection at the inner o-ring.

The use of minimum material properties for the closure bolts results in a reduction of bolt clamping
force and an over-estimation of bolt elongation.  The specified bolt material (SA-540 Grade B23
Class 5) can have yield strengths more than 50% higher than the values used.  Using more realistic
values for bolt material parameters would result in smaller openings.

For soil impacts all of the results are based upon soil properties around Albuquerque, NM.  This
desert location has very hard soils (generally not tillable) compared to most of the rest of the
nation.  For impacts onto more typical soils even higher velocities would be required to obtain the
damage levels from the rigid target finite element analyses.  For impacts onto highway surfaces, all
of the surfaces are assumed to be concrete.  Impacts onto asphalt highway surfaces would be less
severe.  For impacts onto rock these analyses assumed the rock would absorb none of the impact
energy.  In reality, if a spent fuel cask were to impact into solid rock there would be some cracking
and spalling of the rock surface as a result of the impact.  This damage to the rock surface implies
that it is absorbing some amount of energy.

Although the puncture data given in this chapter indicate the probability for puncturing a cask with
a wall thickness greater than 1 inch is extremely remote, the risk analyses in this report assume the
truck casks are punctured in 0.1% of the accidents.  Even more conservative is the assumption that
the rail casks are punctured in 1% of the rail-coupling impacts and 0.1% of all other impacts.

Scaling the strains in the spent fuel rods calculated for a 100 G impact by the accelerations for more
severe impacts significantly overestimates the rod strains.  As the geometry of a spent fuel
assembly changes in the more severe impacts, the deformations become constrained due to limited
space.  Once this happens, the strains will no longer increase with increasing load.
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